Spiral-shaped organisms exclusively and intimately populate the brush border of the cecal and colonic epithelium of healthy monkeys (Macaca mulatta). These organisms replace the glycocalyx, destroy most microvilli, and attenuate the terminal web of the brush border. Despite these remarkable alterations, the remaining host cellular structure is unchanged. Two structurally distinct microbes, a spirochete and a flagellate, were recognized by electron microscopy. These spirochetes share the general characteristics of other known spirochetes: they are 3 to 6 ,um long and 0.2 to 0.4 ,um wide, spiral 2 to 6 times, and have axial fibrils of 6-12-6 and 4-8-4 arrangements. Flagellated microbes are 4 to 6 ,um long and 0.2 to 0.4 ,um wide, spiral 2 to 4 times, and are characterized by a polar flagellum which originates from the terminal button at each end of the cytoplasmic body. This in vivo ultrastructural study of anaerobic spiral-shaped organisms bypasses the difficulties of in vitro culture techniques and provides a detailed description and identification of these organisms in their host environment.
Spiral-shaped organisms have long been recognized in the large bowel of various mammals including monkey and man, yet little is known of their structural characteristics. Although capable of recognizing spiral-shaped organisms, the light microscopist has difflculty distinguishing between them due to limited resolution. Because these fastidious anaerobes cannot usually be cultured, morphological characteristics as observed by the light microscope have been used for identification and classification.
To challenge an initial belief that these organisms represent a homogeneous population of spirochetes (A. Takeuchi and H. Sprinz, Fed. Proc. 28:513, 1969), we expanded our earlier studies on spiral-shaped organisms infesting the brush border region of the colonic epithelium of healthy rhesus monkeys. By using the thinsectioning, negative contrast, and metal-shadowing techniques of electron microscopy, we distinguished what was thought to be spirochetes into two structurally different microbes: a spirochete and a flagellated organism. This paper describes the ultrastructural character of these spiral-shaped organisms and their relationship to the colonic epithelial cell.
MATERIALS AND METHODS
Monkeys. Fifty-five healthy rhesus monkeys (Macaca mulatta) of both sexes, weighing from 2 to 5 kg, were housed in individual cages under careful medical supervision during a 6-week quarantine period. They were free from diarrhea and, in the week preceding sacrifice, had negative stool cultures for shigella and salmonella on three different occasions. They were deprived of food and allowed only water for 24 hr before sacrifice. All monkeys were anesthetized by a subcutaneous injection of 2.5 mg of phencyclidine hydrochloride per kg (Sernylan; Parke, Davis and Co.) and sacrificed by opening the chest cavity. In conducting this research, the investigators adhered to the "Gtuide for Laboratory Animal Facilities and Care of the Institute of Laboratory Animal Resources, National Academy of Sciences, National Research Council."
After sacrifice, the entire large intestine from the ileocecal valve to the rectosigmoid was removed and opened. Portions of the cecum and transverse and sigmoid colon of all 55 monkeys were cut into three parts and carefully examined by histological technique. Electron microscopy was used to study six of these animals found to be massively infested by spiral-shaped organisms at the brush border region of the epithelium.
IDENTIFICATION OF SPIRAL-SHAPED ORGANISMS
lin or glutaraldehyde, processed in a conventional manner, and embedded in paraffin. Sections of paraffin-embedded tissues were stained with hematoxylin and eosin (H&E; Gram, Brown, and Brenn) and Warthin-Starry stains (9) .
Electron microscope techniques: thin-sectioning. The second part of the cecum and colon was immersed in chilled fixative and, after 5 min, cut into transverse slices approximately 2 mm wide. The intestinal mucosa, carefully freed from the muscular coat, was further cut into small cubes, fixed, dehydrated, and embedded in Epon 812 or Araldite. The details of fixation and embedding have been described elsewhere (15) . Blocks were cut with a Sorvall MT2 ultramicrotome, and sections were placed on uncoated grids. The sections were stained with uranyl acetate followed by lead citrate.
Negative contrast. The mucosal surface of the third part, which had been fixed in either buffered glutaraldehyde or 10% neutral Formalin, was gently curetted with a glass slide, homogenated in a buffer solution, and centrifuged for 5 min at 300 X g. The sediment was processed for negative contrast and casting, which is described below. A small portion of the sediment was placed in a drop of 2% phosphotungstic acid (PTA) solution. Grids coated with collodion were touched to a drop of PTA solution containing homogenated mucosa; excess solution was removed from the grid with filter paper.
Metal shadowing. The sedimented material was suspended in distilled water, applied to a coated grid, and dried at room temperature. (Fig. 1) . However, the brush border of the colonic epithelium infested by spiral organisms was broader than normal and characteristically basophilic (Fig. 2) At higher magnification, individual, slender, gently curved, spiral-shaped organisms were seen ( Fig. 3) , which measured up to 6 ,um in length and 0.5 ,um in diameter. At even higher magnification photomicrographs, they were identified as two structurally different microbes.
One type of organism had two to six spirals, gently tapered ends, and measured from 3 to 6 gm in length and 0.2 to 0.4 ,m in diameter. This organism had a central protoplasmic cylinder (cytoplasm) enclosed by a cytoplasmic membrane which appeared as a single dense layer, 6 .0 to 8.0 nm, and an outer external coat (cell wall). The external coat appeared as a triplelayered structure 14 to 16 nm thick ( Fig. 3 and 4), consisting of two dense layers. Between the cytoplasmic membrane and the cell wall was a moderately dense homogeneous space which was occupied in part by a group of fibrils located at one side. In this space, up to 12 individual fibrils were recognized (Fig. 4) . Each fibril measured approximately 20 nm in diameter, wound around the protoplasmic cylinder like a helix, and extended throgh the entire length of the organism (Fig. 3) . The cytoplasmic cylinder contained uniformly distributed ribosomes and ill-defined areas of electronopacity containing fine meshes of dense strands. These ill-defined areas appeared to be the mesosome of the organism. Since this type of organism had the same structural characteristics as spirochetes (2-6, 10, 18), we defined it as a spirochete.
The second type of organism was seen less frequently than spirochetes and had two to four spirals. It ranged from 4 to 6 ,um in length and 0.2 to 0.4 ,um in diameter; therefore, size alone could not distinguish these two organisms. The ends of this latter organism were distinctly different in that they terminated bluntly, and a single flagellum emanated from each end. We identified it as a flagellate. The space between the cell wall and the cytoplasm was dense, homogeneous, and contained no axial fibrils. There were well-defined, spherical, electronlucent ateas in the compact fibrillar cytoplasm which appeared to result from inadequate penetration by the fixative (Fig. 7 nal web, and apical cytoplasm), was heavily The brush border of normal colonic epithelium, penetrated by both organisms (Fig. 3) (Fig. 3 and 8) . Sometimes, the coiled flagella of the flagellate assumed an advanced position in front of the organism against the host cell plasma membrane (Fig. 8) . More often, however, the flagella turned backward from the tip of the organism and coiled around it.
Negative-staining technique. axial fibrils as seen in spirochetes (Fig. 10) . Otherwise, this technique could not add more information to the observations obtained by the two techniques described above.
DISCUSSION
In the past, spiral-shaped microbes recovered from the gastrointestinal canal or stools of mammals were given different names such as spirillum, leptospirillum, spirochete, vibrio, and bacteroid (12). We often have had difficulty in identifying and evaluating spiral-shaped organisms described in the literature since their identification, in many instances, was based mainly on morphological characteristics in tissues and direct smears observed by light microscopy. As ex- Intestinal spirochetes share the general ultrastructural characteristics of other types of spirochetes (2) (3) (4) (5) 10 In electron micrographs obtained by both negative staining and thin-sectioning technique, well-defined, punched-out, round areas were present in the cytoplasm of flagellates as illustrated in Fig. 7 . They appeared to icsult from inadequate penetration by fixative or, possibJy, from extraction during dehydration. Whatever the cause, an actual difference exists in composition between punched-out areas and the surrounding cytoplasm. Punched-out areas may represent certain cellular organelles such as the mesosome. We often used these punched-out areas in identifying flagellates, especially when they were present in small numbers or did not show a polar flagellum due to the plane of a thin section. In such instances, however, the final confirmation was made by using the characteristic structure of the cell wall of flagellates.
Spiral-shaped microbes exclusively localized and intimately populated the brush border. This unique host-microbial relationship was further clarified in the thin-sectioning technique; spiral organisms do invade host cells. Yet, this invasion was always limited to the upper three cytocomponents, glycocalyx, microvilli, and terminal web.
Despite these remarkable alterations, the remaining host cellular structure is unchanged. This implies that cell structures may be selectively destroyed without apparent ill effect. No important criteria in distinguishing between spiral-shaped organisms in different hosts. In particular, the intimate cohabitation of spirochetes and spiral-shaped flagellates in the brush border of the colonic epithelium of monkey and man represents a unique host-microbe relationship (17) .
The traditional methods of microbiological identification of bacteria-in vitro culture, isolation, and identification-are not applicable to spiral-shaped anaerobes which are difficult or impossible to culture (14) . When cultured, infrequently as that may be, the structure of spirochetes can be altered by the artificial environment (7). In contrast, in vivo ultrastructural identification of spiral-shaped organisms bypasses the problem of culture and provides a detailed description of the structure of the organism and its host relationship. In vivo ultrastructural techniques may provide a new approach to the recognition and classification of spiral-shaped organisms in the digestive tract.
